Single atrial cells from guinea pig heart were voltage-clamped using the whole-cell configuration of the patch-clamp technique under conditions in which most of the ionic and exchange currents known in cardiac cells were minimized. Extracellular 5 or 50 ,uM ATP activated a Cl-current, in addition to a rapidly desensitizing cation-selective current. A nonhydrolyzable ATP analogue, adenosine-5'-0-(3-thiotriphosphate) (50 ,uM), also evoked these two currents, indicating involvement of purinoceptors rather than ecto-ATPase on the membrane. ADP, AMP, and adenosine were also effective in inducing the Cl-current, showing no clear order of potency for the purinoceptor subtypes involved. The purinoceptoractivated Cl-current, like the f3-catecholamine-cAMP-dependent cardiac Cl-current, showed outward rectification and time independence. (Circulation Research 1992;70:851-855) KEY WORDs * purinergic receptor * chloride current * cation-selective current * adenine nucleotide * ATP A gonist-dependent, nonsynaptic chloride channels have been found in several types of epithelial cells' and blood cells.2 They are mostly cAMP dependent, and activation of these channels is thought to play an important role in cellular functions such as secretion and volume regulation. Recently, similar Clchannels that are regulated by the 83-catecholaminecAMP system have been identified in cardiac cells,3-6 and their roles in the cardiac electrical activity under physiological and pathophysiological conditions have been given attention.7 On the other hand, a different regulatory mechanism exists in oocytes, in which Clchannels are activated by ATP, presumably via P2-purinoceptor stimulation.8 We report here an activation of cardiac Cl-current by purinoceptor stimulation with little discrimination among the broad spectrum of adenine nucleotides. Since ATP is known to be a cotransmitter with catecholamine in sympathetic nerves,9 sympathetic control of the cardiac Cl-current may involve two types of receptor-channel mechanisms.
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Materials and Methods

Cell Preparation
Single atrial cells were obtained from hearts of guinea pigs (250-400 g body weight) using an enzymatic dissociation procedure similar to that described previously.10lul Briefly, hearts were retrogradely perfused with a modified Ca2-free Tyrode's solution containing collagenase (0.06 mg/ml, Yakuruto, Tokyo) for 10-15 min-utes through the coronary artery. After the enzyme treatment, the cells were dissociated in high-K', low-Clstorage solution'2 and stored in a refrigerator (-4°C).
Voltage-Clamp Technique
The cells were voltage-clamped using the whole-cell version of the patch-clamp technique'3 with an EPC-7 patch-clamp amplifier (List Electronics, Darmstadt, FRG). Patch electrodes were made from glass capillaries (1.5 mm o.d., 1.0 mm i.d.) using a horizontal microelectrode puller (model P-80/PC, Sutter Instrument Co., Novato, Calif.), and electrode tips were then fire-polished with a microforge. Electrodes had a resistance of 1.2-2.0 Mfl when filled with the internal solution. Either square pulses or ramp voltages (dV/ dt= 1 V/sec) were used to record the whole-cell current. The ramp voltage protocols consisted of three phases: an initial + 100-mV depolarizing phase from the holding potential of -40 mV, a second hyperpolarizing phase of 200 mV, and then a third phase returning to the holding potential. The Reference 6) . Therefore, to measure the current-voltage relation of the remaining background currents, ramp pulses were applied to the cell every 2 or 6 seconds.
Bath application of 50 sM ATP consistently induced a transient increase in inward current, whereas in -40% of the cells examined, this response was followed by a gradual increase in both the inward and outward currents ( Figure 1A ). The rapidly activated inward current, which desensitized in several seconds, showed a prominent inward rectification, and its outward component was very small ( Figure IC (Figure 2A ). The reversal potential of the ATP-induced current changed from -26 mV in Cl--rich solution to +20 mV in low-Clsolution in this case ( Figure 2C ). Figure 2D summarizes the results of the experiments in which the reversal potential was determined at three different [Cl] , levels. Membrane currents were also measured by the square-pulse method, using 200-msec pulses of various amplitude, to detect any time dependence of the agonist-induced current. In these experiments, the ATPinduced Cl current, obtained by subtracting the control current from the current after ATP, showed little time dependence at any voltage (not shown), indicating that this current acts as a background current in the cell excitation. This property, as well as the outwardly rectifying property, has also been noted for the cAMPdependent Cl-current in cardiac ventricular cells. [3] [4] [5] [6] Hydrolysis of external ATP by ecto-MgATPase, without purinoceptor stimulation, has been reported to be involved in the translocation of ions across the cell membrane associated with changes in membrane conductance in cardiac cells. [16] [17] [18] However, in our study, ATP hydrolysis did not appear to be necessary for both the rapidly desensitizing and maintained responses, since 50 ,tM of the nonhydrolyzable ATP analogue, If the purinoceptors operate in the observed responses, adenine nucleotides other than ATP such as ADP, AMP, and adenosine are expected to more or less mimic the action of ATP, depending on the purinoceptor subtypes involved.19 Therefore, we examined the effects of these compounds. ADP (5 or 50 gM) was found to be effective in producing both the rapidly desensitizing cationic current and Cl-current (not shown). However, AMP (50 ,M, not shown) and adenosine (50 and 100 ,lM, Figure 3) Figure 3E that the adenosineinduced current, like the ATP-induced one shown in Figure 1E or Figure 2C , shows outward rectification with a reversal potential near the predicted Cl-equilibrium potential (-26.7 mV).
To further quantify the agonist potency for generation of the Cl-current, we measured the increase in slope conductance produced by 50 ,uM ATP, ADP, AMP, and adenosine, respectively, from the currentvoltage relation. The conductance was measured at the reversal potential (-27 mV), and its agonist-induced increase was normalized with respect to the capacitive area of the cell membrane. In this comparison, there was no significant difference in the conductance increases produced by the four agonists: ATP, 100.2+57.8 (mean+ SD) pS/pF, n=7; ADP, 66.6+43.9 pS/pF, n=4; AMP, 36.9+12.6 pS/pF, n=3; adenosine, 92.9±74.9 pS/pF, n=4. These calculations were made in the cells that clearly responded to the agonists. It should be noted, however, that the proportion of agonist-sensitive cells was almost the same (40-50%) for the four agonists. Thus, we could obtain no clear order of the agonist potency for the Cl-current response.
Discussion
Purinoceptor stimulation induced a Cl-current in atrial cells, in addition to the transient nonselective cation current that has been well documented in a variety of excitable cells,20-23 including cardiac cells.14'15 Agonist-dependent Cl-channels exist in several types of cells.1-6 However, they are mostly activated by a cAMP-dependent mechanism, and regulation involving purinoceptors has been known only for the Cl-channels in frog oocytes.8 Our results provide evidence, for well-differentiated cardiac cells, that ATP can activate a Cl-current via a purinergic mechanism, though the specific purinoceptor subtype was not clear in our study. The ATP-induced Cl-current was observed in -40% of the atrial cells examined. We consider that the response might depend on the cell conditions, which may be influenced by the experimental manipulations such as cell isolation or cell dialysis.
Scamps and Vassort'8 observed an ATP-activated, Cl--sensitive current in rat ventricular cells. They concluded that this current is a nonselective cation current that develops in response to a rise in intracellular Ca2`.
The latter is thought to be caused by an impairment of the cellular acid-base balance, which is sensitive to ATP-dependent ClV-HCO3-exchange. However, their study does not appear to exclude the possibility that the 26 In rat heart cells, ATP, a most potent P2-purinoceptor agonist, can further increase the Ca21 current after a maximal /-adrenergic or cAMP stimulation,27 suggesting that this effect is independent of the cAMP system. All these findings are in favor of the idea that stimulation of cardiac purinoceptors alone does not change the cAMP level. Further studies are necessary to ascertain this point as well as to identify the purinoceptor subtype involved in the activation of Cl-current.
A relevant previous finding that merits discussion is that adenosine, which was a stimulant of Cl-current in our study, suppresses the histamine-induced, cAMPdependent Cl-current in guinea pig ventricular cells28; this suppression is attributed to a purinoceptor-mediated inhibition of the cAMP formation that is enhanced by histamine.2829 The disparity between this observation and ours might be explained if the receptor type and/or the population of channel involved were different in the two responses. Alternatively, purinoceptor stimulation might not only affect the cAMP system but also trigger another channel-regulating mechanism yet to be defined.
On the other hand, in frog oocytes, which possess ATP-dependent Cl-channels, a Cl-current can also be activated by an increased [Ca92]} (see Reference 8) . Since ATP is thought to be coreleased together with norepinephrine from sympathetic nerve fibers,9 the cardiac Cl-current is likely to be controlled by two sets of agonist-receptor interactions. The physiological implication of this feature is unclear, but purinergic regulation of this current may become more effective under some pathological conditions. It is known that l3-adrenergic stimulation and ischemia lead to an increase in the release of adenine nucleotides and adenosine from the myocardium, with the concentrations of both purine derivatives reaching biologically effective ones (>10`6 to 10-5 M).40
Activation of the outward Cl-current by ATP is expected to shorten the action potential duration, and this will cut off the Ca2' influx through the Ca2' channel that is enhanced by 3-adrenergic stimulation associated with an increased sympathetic tone. This effect may, in turn, result in a protection of the heart from arrhythmogenic and cardiotoxic effects of excess sympathetic activity.
